The aim of this study was to compare the growth performance, fiber characteristics of the pectoralis major muscle, and meat quality characteristics in the heavy weight (HW) and random bred control (RBC) quail lines and genders. The HW male exhibited more than two times greater body (245.7 vs 96.1 g, p<0.05) and pectoralis major muscle (PMW; 37.1 vs 11.1 g, p<0.05) weights compared to the RBC female. This growth performance in the HW line was associated with a greater muscle fiber area (1,502 vs 663.0 μm 2 , p<0.001) compared to the RBC line. Greater muscle mass of the HW male was accompanied by a higher percentage of type IIB fiber compared to the HW female (64.0% vs 51.0%, p<0.05). However, muscle fiber hyperplasia (increase in fiber number) has had a somewhat limited effect on PMW between the two lines. On the other hand, the HW line harboring a higher proportion of type IIB fiber showed rapid pH decline at the early postmortem period (6.23 vs 6.41, p<0.05) and lighter meat surface (53.5 vs 47.3, p<0.05) compared to the RBC line harboring a lower proportion of type IIB fiber. There were no significant differences observed in the measurement of water-holding capacity including drip loss (2.74% vs 3.07%, p>0.05) and cooking loss (21.9% vs 20.4%, p>0.05) between the HW and RBC lines. Therefore, the HW quail line developed by selection from the RBC quail, was slightly different in the meat quality characteristics compared to the RBC line, and a marked difference was found in growth performance between the two quail lines.
INTRODUCTION
In the last decade, poultry meat production and consumption have rapidly increased in many countries due to the health image of poultry meat products (Petracci et al., 2009 ). The quail is used as an animal growth model for the muscle development because of its rapid generation time (Choi et al., 2014a, b) , and also is a good source for meat products, especially in the Asian market, even though quail egg is more popular compared to meat (Narinc et al., 2013) .
The meat industry attempts to improve genetic selection for efficiency in growth and carcass performance (Lopez et al., 2011) , and effects of selection on ultimate muscle mass have been widely investigated in poultry (Velleman et al., 2003) , pig (Rehfeldt et al., 2008) , and cattle (Picard et al., 2006) . Ultimate muscle mass is significantly determined by the number of muscle fibers formed before birth and the size of those fibers after birth (Picard et al., 2006; Rehfeldt et al., 2008) . Thus, an increase in muscle mass obtained by selection is mainly due to changes in both the number (hyperplasia) and area (hypertrophy) of muscle fiber (Fowler et al., 1980; Remignon et al., 1995) . In chicken, the fast growing line that has a greater muscle mass tended to exhibit a greater number (20%) and size (90%) of muscle fibers in the pectoralis major muscle compared to the slow growing line (Remignon et al., 1995) . The heavy weight (HW) quail line selected for a higher body weight (BW) at 4 weeks after birth showed more than twice the area of muscle fiber at the pectoralis major muscle compared to the random bred control (RBC) line (Choi et al., 2013) .
On the other hand, extensive muscle fiber hypertrophy resulting from selection for rapid muscle growth is related with detrimental effects on stress susceptibility and meat quality characteristics in meat animals (Karlsson et al., 1999; Velleman et al., 2003) . For example, porcine muscles harboring a larger muscle fiber, especially type IIB fiber (fast-twitch and glycolytic), exhibit a rapid early postmortem glycolytic rate, paler surface, higher drip loss, and tougher meat compared to muscles harboring a smaller muscle fiber, which seems to be associated with the pale, soft, and exudative (PSE) condition (Choi and Kim, 2009) . Like the PSE condition in pork, the poultry industry has recently experienced a meat quality problem due to a change in the morphological and metabolic characteristics of muscle fiber resulting from a selection for increased ultimate muscle mass (Velleman et al., 2002) . There are many studies investigating how genetic selection influences muscle fiber and meat quality characteristics in chicken and turkey (Fowler et al., 1980; Cherel et al., 1994; Remignon et al., 1995; Velleman et al., 2002; 2003) . However, there are only a few studies conducted on meat quality characteristics between the Japanese quail lines, even though there are many reports regarding the effects of genetic selection on ultimate muscle mass and fiber characteristics (Narinc et al., 2013; Choi et al., 2014a; Shin et al., 2015) . Therefore, the objective of this study was to compare the characteristics of the pectoralis major muscle, muscle fiber, and meat quality characteristics between the HW and RBC quail lines to better understand the effects of selection for production efficiency of quail.
MATERIALS AND METHODS

Birds and muscle samples
Fertile eggs from the RBC and HW quail lines were obtained from the Ohio Agricultural Research and Development Center of the Ohio State University in Wooster (OH, USA). Eggs were incubated in a hatchery (Type 65Hs, Masalles, Spain). After hatching, quail from each line were reared in temperature controlled cages with free access to food and water. Quail were fed a commercial diet in accordance with the National Research Council (1988) . All the experiments were approved by the Institutional Animal Care and Use Committee at the Ohio State University (protocol no. 2013A00000041).
At 42 d of age, six males and seven females from each line (total 13 quail per each line) were randomly selected from the hatchery and weighed. Chicks were individually euthanized by CO 2 inhalation following standard procedures (FASS, 1999) . Pectoralis major muscles were exposed, and all right and left muscles were excised and weighed. The percentage of pectoralis major muscle weight (PMW) was calculated as the ratio of PMW to BW. Area of pectoralis major muscle was measured at the diagonal line of a point 1/2 in the pectoralis major muscle (Scheuermann et al., 2004) . Muscle samples were immediately taken from the entire right pectoralis major muscles for the analysis of muscle pH 15 min . At the same time, muscle samples were cut into 0.5×0.5×1.0 cm 3 pieces from the superficial region of pectoralis major muscle, then immediately frozen using liquid nitrogen and stored at -80°C for the histochemical analysis. After 24 h in a 4°C cold room, the remaining pectoralis major muscles were used for meat quality measurements.
Histochemical characteristics
Serial transverse skeletal muscle sections (10 μm) were cut in a cryostat (CM1510S, Leica, Wetzlar, Germany) at -25°C and mounted onto glass slides. The myosin ATPase activity of the samples was detected following acid (pH 4.6) and alkali (pH 10.7) pre-incubation (Lind and Kernell, 1991) . Muscle fibers were classified as type IIA and IIB fibers using the nomenclature system of Brooke and Kaiser (1970) . Type I fibers were not found in the pectoralis major muscle of the RBC and HW quail lines. All stained muscle sections from each sample were examined by an image analysis (Image Pro-Plus, Media Cybernetics, Silver Spring, MD, USA). Approximately 600 fibers were measured per sample. The average area of muscle fibers was determined as the ratio of total area measured divided by total number of fibers, and the area of type IIA and IIB fibers was also measured. Area percentage of each fiber type was calculated as the proportion of total cross sectional area of each fiber type divided by total fiber area measured. Number percentage of each fiber type was calculated as the proportion of total number of each fiber type divided by total fiber numbers measured. Total number of fibers (TFN) was determined by multiplying muscle fiber density by the area of pectoralis major muscle (Scheuermann et al., 2004) .
Meat quality measurements
In order to estimate the postmortem metabolic rate, muscle pH at 15 min (pH 15 min ) and 24 h (pH 24 h ) were measured directly inserting a spear-type portable pH meter (IQ-150 pH meter and PH77-SS probe, IQ Scientific Instruments Inc., San Diego, CA, USA) into the superficial region of the right pectoralis major muscle. At 24 h postmortem, meat color was measured by a Minolta chromameter (diffuse illumination with 8 mm diameter measuring area with; CR-300, Minolta Camera Co., Osaka, Japan) after exposing its surface to the air for 30 min at 4°C. The average of triplicate measurements was recorded and used. The results were expressed as Commission Internationale de l'Eclairage (CIE, 1978) lightness (L*), redness (a*), and yellowness (b*).
Water holding capacity (WHC) including drip loss and cooking loss was also measured. For measurement of drip loss, samples of approximately 5 g taken at 24 h postmortem were trimmed and individually weighed. Each sample was then placed and suspended in an inflated plastic bag for 48 h at 4°C, ensuring that the sample did not make contact with the bag, after which they were reweighed (Honikel, 1998) . Drip loss was calculated as the percentage of weight change (Honikel, 1998) . To determine cooking loss, each sample taken from the left pectoralis major muscle was weighed, and then put in a thin-walled polyethylene bag and placed in a water bath (80°C) until they reached an internal temperature (measured using a thermometer with a hand probe; TES-1300, TES Electrical Electronic Co., Taipei, Taiwan) of 71°C. Quail samples were then cooled in ice water for 15 min. The cooled samples were taken from the polyethylene bag, blotted dry, and re-weighed (Honikel, 1998) . Cooking loss was determined by weighing them before and after cooking loss (Honikel, 1998) .
Statistical analysis
General linear model procedure was performed for associations among the groups using SAS software (SAS Institute, 2009 ). Significant differences in values among the groups were detected by the probability difference (PDIFF), and the mean values were separated at the level of 5%. Results were presented as least squares means together with the standard errors.
RESULTS
Body and pectoralis major muscle characteristics
The results for the BW and pectoralis major muscle characteristics of the HW and RBC Japanese quail lines are presented in Table 1 . BW was approximately 2.3 times heavier in the HW quail line selected for a higher body weight compared to the RBC quail line (240.0 vs 102.2 g, p<0.001). The BW of the HW male was at least 2.5 times heavier compared to the RBC female (245.7 vs 96.1 g, p<0.05). PMW was more than 3 times greater in the HW line compared to the RBC line (35.4 vs 11.6 g, p<0.001). The proportion of PMW relative to body weight was higher in the HW line compared to the RBC line (14.6% vs 11.4%, p<0.001). Moreover, the area of pectoralis major muscle was also greater in the HW line compared to the RBC quail line (605.0 vs 298.5 mm 2 , p< 0.001). However, there were no significant differences in the area of pectoralis major muscle (319.7 vs 277.4 mm 2 , p>0.05) and percentage of PMW (11.4% vs 11.5%, p>0.05) between the RBC male and RBC female.
Muscle fiber characteristics
There are marked differences in muscle fiber characteristics between the HW and RBC quail lines ( Table 3 shows the meat quality characteristics of pectoralis major muscle on the different quail lines and genders. Samples from the HW male showed significantly lower values of muscle pH 15 min compared to samples from 
Meat quality characteristics
DISCUSSION
A dramatic postnatal increase in growth performance can be acquired by breeding and genetic selection of food animals (Rehfeldt et al., 2000) . In the past, poultry performance has been improved by selection, thus the modern commercial poultries are largely the end result of a long continuous process of domestication, especially the pectoralis muscle (Chiang et al., 2008) . The age when meattype chicken reach market weight has been reduced, and broilers also have a greater PMW, which is economically important, as well as, a higher proportion of PMW to the BW (Fanatico et al., 2007 ). In the current study, the HW quail line exhibited a greater growth performance including BW, PMW, and ratio of PMW compared to the RBC quail line. This difference between the HW and RBC lines can be explained by the characteristics of muscle fiber such as the composition and morphological characteristics of fiber type, since the characteristic of muscle fiber as the major constituent of skeletal muscle is one of the important factors that influence BW and skeletal muscle mass (Picard et al., 2006; Choi and Kim, 2009 ). On the other hand, due to a long-term domestication and selection process, the muscling phenotypes have been changed in various food animals resulting in extreme differences in muscle fiber characteristics (Rehfeldt et al., 2000) . For example, domestic pigs showed a larger area of muscle fibers and a higher percentage of type IIB fiber compared to wild pigs (Ruusunen and Puolanne, 2004) . In broiler-type chickens harboring a greater muscle mass, the pectoralis major muscle is composed of type IIB fiber, and type I and IIA fibers are not found in the superficial region of the pectoralis major muscle (Choi et al., 2013) . Crosssectional area of type IIB fiber is generally larger, as the growth rate of type IIB fiber after birth is approximately two times greater compared to type I fiber (Oksbjerg et al., 1994) . Hence, the area or proportion of type IIB fiber is positively correlated to BW and muscle mass in food animals (Choi and Kim, 2009 ). The results from the current study support this notion. In the present study, the HW line harboring a greater muscle mass exhibited a higher area proportion of type IIB fiber compared to the RBC line (75.8% vs 47.7%, p<0.001). Unlike domestic meat-type chickens, pectoralis major muscle of the HW quail line was composed of type IIA and type IIB fibers, even though proportion of type IIA fiber was smaller compared to the RBC line (p<0.001). Moreover, muscle fiber hyperplasia (increase in muscle fiber number) had a limited contribution to the increased muscle mass in the HW line compared to the RBC line unlike the other meat-type animals including the chicken and turkey (Remignon et al., 1995; Rehfeldt et al., 2000; Choi and Kim, 2009) . Generally, increased muscle fiber number (hyperplasia) and area (hypertrophy) have been reported in growth-selected pigs, cattle, chickens, and turkeys (Remignon et al., 1995; Rehfeldt et al., 2000; Choi and Kim, 2009) . Additionally, the HW male exhibited a greater PMW compared to the HW female (37.1 vs 33.6 g, p<0.05), although BW was similar between the HW male and female (p>0.05). This greater muscle mass of the HW male was accompanied by a higher proportion of type IIB fiber compared to the HW female (64.0% vs 51.0%, p<0.05).
Muscle fiber can be classified into several different types based on their contractile and metabolic characteristics (Pette and Staron, 2001) . These characteristics influence the energy metabolism within the skeletal muscle of living animals, as well as, during the postmortem conversion of muscle to meat (Ryu and Kim, 2005) . The ATP splitting rate of type IIB fiber is more than three times faster compared to type I fiber suggesting a faster contraction speed, and type IIA fiber exhibits intermediate speed of contraction (Bottinelli et al., 1994) . Moreover, type IIB fibers (fast-twitch and glycolytic) contain a higher amount of glycogen which offers a source of anaerobic metabolic fuel, and they also contain lower amounts of lipid and myoglobin compared to the type I (Slow-twitch and oxidative) and IIA (fast-twitch and oxidoglycolytic) fibers (Choi and Kim, 2009) . Thus, when the oxygen supply is depleted after exsanguination, muscles harboring a higher proportion of type IIB fiber tend to have a rapid decline of pH at the early postmortem period compared to muscles harboring a lower proportion of type IIB fiber due to strong glycolytic potential (Choi et al., 2007) . Ryu and Kim (2005) suggested that rapid glycolytic rate and poor meat quality in PSE can be explained by an increase in the proportion of type IIB fiber. In this study, the HW quail line harboring a higher percentage of type IIB fiber exhibited lower muscle pH at the early postmortem period and paler surface color compared to the RBC line harboring a lower percentage of type IIB fiber. Fresh meat color is an important quality trait that consumers consider when making a decision to purchase meat, and redder meat surface is generally preferred (Jeong et al., 2010) . Even though the HW quail line showed a higher lightness value (53.5 and 45.0), the average redness value of the HW line was similar (5.44 and 5.47) compared to the other study reported by Remignon et al. (1998) . It is generally accepted that the ability of fresh meat to bind water is certainly one of the most important quality characteristics (HuffLonergan and Lonergan, 2005) . According to Jeong et al. (2010) , a lower WHC of fresh meat was associated with poor tenderness and juiciness after cooking, as well as economic value of meat (Huff-Lonergan and Lonergan, 2005) . In this study, no significant differences were observed in the measurements of WHC between the two quail lines or genders.
Taken together, the results from this study suggest that greater BW and PMW of the HW line were caused by muscle fiber hypertrophy rather than fiber hyperplasia, and the difference in PMW between the HW male and HW female was associated with the percentage of type IIB fiber. The HW quail line developed by selection from the RBC quail for over 80 generations were slightly different in the meat quality characteristics compared to the RBC line.
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